Cytochrome P450 reductase is the unique electron donor for microsomal cytochrome P450s; these enzymes play a major role in the metabolism of endogenous and xenobiotic compounds. In mice with a liver-specific deletion of cytochrome P450 reductase, hepatic cytochrome P450 activity is ablated, with consequent changes in bile acid and lipid homoeostasis. In order to gain insights into the metabolic changes resulting from this phenotype, we have analysed changes in hepatic mRNA expression using microarray analysis and real-time PCR. In parallel with the perturbations in bile acid levels, changes in the expression of key enzymes involved in cholesterol and lipid homoeostasis were observed in hepatic cytochrome P450 reductase null mice. This was characterized by a reduced expression of Cyp7b1, and elevation of Cyp7a1 and Cyp8b1 expression. The levels of mRNAs for other cytochrome P450 genes, including Cyp2b10, Cyp2c29, Cyp3a11 and Cyp3a16, were increased, demonstrating that endogenous factors play a role in regulating the expression of these proteins and that the increases are due, at least in part, to altered levels of transcripts. In addition, levels of mRNAs encoding genes involved in glycolysis and lipid transport were also increased; the latter may provide an explanation for the increased hepatic lipid content observed in the hepatic null mice. Serum testosterone and oestradiol levels were lowered, accompanied by significantly decreased expression of Hsd3b2 (3β-hydroxy-5 -steroid dehydrogenase-2), Hsd3b5 (3β-hydroxy-5 -steroid dehydrogenase-5) and Hsd11b1 (11β-hydroxysteroid dehydrogenase type 1), key enzymes in steroid hormone metabolism. These microarray data provide important insights into the control of metabolic pathways by the cytochrome system.
INTRODUCTION
The cytochrome P450s constitute a superfamily of haem-containing mono-oxygenases that play a central role in the detoxification of xenobiotics, as well as in the metabolism of endogenous compounds such as steroids, fatty acids, prostaglandins and leukotrienes. In addition, cytochrome P450s also play key roles in physiological processes, such as steroidogenesis and the maintenance of bile acid and cholesterol homoeostasis [1, 2] . Cholesterol homoeostasis is maintained through the co-ordinated regulation of dietary cholesterol absorption, de novo biosynthesis and disposal in the form of bile acids [3] [4] [5] . Bile acid biosynthesis represents the major pathway of cholesterol elimination from the body. In addition, bile acids can also directly regulate cellular signalling pathways that control cholesterol homoeostasis [6, 7] .
POR (NADH-cytochrome P450 reductase; NADPH:ferrihaemoprotein reductase; EC 1.6.2.4) is a 78 275 Da membranebound flavoprotein which transfers electrons from NADPH to cytochrome P450s located in the endoplasmic reticulum [8, 9] . POR also donates electrons to haem oxygenase, resulting in the cleavage of haem to produce biliverdin, iron and carbon monoxide. This system plays a critical role in cellular haem homoeostasis [10] and the production of carbon monoxide, which may also function as a neurotransmitter [11] . In addition, POR is the electron donor for squalene mono-oxygenase, a key enzyme in sterol biosynthesis [12] , and is also reported to donate electrons to 7-dehydrocholesterol reductase in this pathway [13] . POR can also transfer electrons to cytochrome b 5 , which is involved in sterol and fatty acid desaturation and elongation [14, 15] .
We have recently described a mouse model in which hepatic POR has been deleted [16] . Gu et al. [17] have also subsequently reported a very similar mouse model. This conditional knockout of POR resulted a profound decrease in all hepatic microsomal P450 functions. In spite of this, these HRN TM (hepatic P450 reductase null) (CXR Biosciences) mice developed normally and were able to breed. As a consequence of the lower P450 levels, drug metabolism was compromised, bile acid production was markedly reduced, and hepatic lipid levels were significantly increased. Somewhat surprisingly, in parallel with these effects, circulating cholesterol and triacylglycerol levels were significantly reduced, indicating a feedback control of cholesterol uptake. In addition to these changes, a profound increase in the hepatic expression of cytochrome P450s involved in drug metabolism was observed [16] .
In order to establish the regulatory pathways influenced by the hepatic P450 system, we have carried out a global analysis of hepatic mRNA expression using oligonucleotide microarray Abbreviations used: Apo, apolipoprotein; CAR, constitutive androstane receptor; Cyp7a1, cholesterol 7α-hydroxylase; FXR, farnesoid X receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDL, high-density lipoprotein; HIF1, hypoxia-inducible factor 1; HNF4, hepatocyte nuclear factor 4; HRN, hepatic P450 reductase null; Hsd11b1, 11β-hydroxysteroid dehydrogenase type 1; Hsd3b5, 3β-hydroxy- 5 -steroid dehydrogenase-5; Hsd3b2, 3β-hydroxy- 5 -steroid dehydrogenase-2; LRH-1, liver receptor homologue-1; LPL, lipoprotein lipase; LXR, liver X receptor; Mt2, metallothionein II; MRP, multidrug-resistance-associated protein; POR, cytochrome P450 reductase; PPAR, peroxisome proliferator-activated receptor; PXR, pregnane X receptor; SCD, stearoyl-CoA desaturase; SHP-1, small heterodimer partner; SREBP, sterol regulatory element binding protein; VLACSR, very-long-chain acyl-CoA synthetase-related. 1 To whom correspondence should be addressed (email roland.wolf@cancer.org.uk). The microarray data have been submitted to, and approved by, the GEO repository under the following accession numbers: GSE1468, GSM24728, GSM24729, GSM24730 and GSM24747.
analysis. This analysis showed that the expression of more than 268 genes was changed significantly (either > 1.5-fold increase or > 33 % decrease). These gene products participate in a variety of processes, including detoxification, bile acid and cholesterol biosynthesis, membrane transport, lipogenesis, glycolysis, lipid metabolism, and the oxidative stress response, demonstrating the central role of POR and the P450 system in controlling hepatic homoeostasis.
MATERIALS AND METHODS

Animals
HRN (POR lox/lox + Cre ALB ) mice used in this study were derived as described previously [16] . Mice homozygous for loxP sites at the POR locus (POR lox/lox ) were used as controls. All mice used in the present study were male and 3 months old. Animals were allowed food and water ad libitum, and were kept on a standard RM1 mouse diet and a 12 h light/12 h dark cycle (light from 05:30 h to 17:30 h). Mice were always killed at the same time of day, and all procedures were carried out under the Animal (Scientific Procedures) Act (1986) in accordance with U.K. law, and following local ethical review.
Microarray analysis
Mice were killed between 10:00 and 11:00 h by a rising concentration of CO 2 , and livers were removed immediately for preparation of RNA. Total RNA was isolated with a phenol/guanidine isothiocyanate reagent, TRIzol (Invitrogen), and purified further with an RNeasy Mini Kit (Qiagen Ltd) in accordance with the manufacturer's instructions. Duplicate experiments were carried out on RNA pooled from three animals of each genotype. Results from two independent experiments were exactly the same. The A 260 /A 280 ratio of total RNA used was typically 1.9. The quality of RNA was assessed using an Agilent 2100 Bioanalyzer.
Probe labelling and hybridization procedures were conducted according to the Affymetrix Technical Manual (Affymetrix, Santa Clara, CA, U.S.A.). cDNA was synthesized from total RNA by using a Superscript ds-cDNA Synthesis Kit (Invitrogen Ltd, Paisley, U.K.) with a T7-(dT) 24 primer incorporating a T7 RNA polymerase promoter. The cRNA was prepared and biotinlabelled using in vitro transcription by using a BioArray High Yield RNA Transcript Labelling Kit (ENZO Biochemical). Labelled cRNA was fragmented by incubation at 94
• C for 35 min in the presence of 40 mM Tris/acetate buffer, pH 8.1, 100 mM potassium acetate and 30 mM magnesium acetate. The samples were tested by hybridization to GeneChip Test3 arrays and analysed using an Agilent Bioanalyzer. Fragmented cRNA (15 µg) was hybridized for 16 h at 45
• C to an MG U74Av2 array (Affymetrix). After hybridization, the gene chips were washed and stained with streptavidin/phycoerythrin by using a fluidics station (Affymetrix). The chips were scanned in an Agilent G2500A scanner. Affymetrix oligonucleotide microarrays utilize multiple perfect-match and mismatch oligonucleotides to determine expression levels, so Affymetrix GCOS software was used to scan each probe set, determine the presence and the average difference value, and assess the signal intensity. Chip fluorescence was normalized by scaling total chip fluorescence intensity to a common value of 100 prior to comparison, and a normalization value was set at 1. The Affymetrix software may define a particular gene as 'absent'; however, there is still a numerical value, albeit perhaps very low, attached to the signal for the mRNA, allowing the fold change to be calculated.
Data and statistical analyses were performed with Genespring v6.1 bioinformatics algorithms (Silicon Genetics, Redwood City, CA, U.S.A.). Data sets were obtained for each mouse line from two separate pools of three animals, with each pool hybridized to a separate gene chip. Given only two data sets, an in-depth statistical analysis would not be appropriate; instead, for each gene, the ratio of the HNR value to the control value is indicated, together with a range (S.E.M.).
Real-time quantitative PCR
The same mRNA pools were used for both microarray analysis and real-time PCR. Contaminating genomic DNA was removed from 600 ng of total RNA by incubating with 1 unit of DNase (Promega UK, Chilworth, Southampton, U.K.) at 37
• C for 10 min. In each sample, single-stranded cDNA was synthesized using 100 units of Superscript II reverse transcriptase (Invitrogen) and 0.15 µg of random hexamers (Promega UK) in a 20 µl solution of 50 mM Tris/HCl, pH 8.3, 75 mM KCl and 3 mM MgCl 2 containing 10 mM dithiothreitol and 1 mM dNTPs. The reaction mixture was left to equilibrate at 25
• C for 10 min before synthesis was allowed to proceed at 42
• C for 50 min. Finally, the reaction was terminated by incubation at 70
• C for 10 min, and the cDNA-containing reaction mixtures were diluted to 200 µl and stored at − 20
• C until required. Matching oligonucleotide primers and fluorescent probes used for real-time PCR were designed using the software Primer Express TM (PerkinElmer Applied Biosystems), and are listed in Table 1 . The primers were synthesized at the Cancer Research UK Oligonucleotide Synthesis Laboratory (Clare Hall, South Mimms, Herts., U.K.). The probes, which were labelled with a 5 fluorescent reporter dye (6-carboxyfluorescein) and a 3 quenching dye (6-carboxytetramethylrhodamine), were synthesized by Qiagen Ltd. (Germany). Each PCR mixture (12.5 µl) contained 2.5 µl of cDNA, 200 nM forward and reverse oligonucleotide primers and 100 nM probe in 1× (final concentration) TaqMan ® Master Mix (PerkinElmer). Amplification of cDNA was performed over 41 cycles in a Prism Model 7700 Sequence Detector instrument. The first cycle was performed at 50
• C for 2 min, followed by 95 • C for 10 min. Cycles 2-41 were performed at 95
• C for 15 s, followed by 60
• C for 1 min. Reactions were monitored by measuring fluorescence at 518 nm with excitation at 494 nm. Each assay was performed in triplicate. The specificity of PCR amplifications from the various sets of oligonucleotide primers was examined routinely by agarose-gel electrophoresis. The results were analysed by using 7700 system software. The level of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as an internal standard.
Serum hormone analysis
Testosterone and oestradiol analysis was carried out at the Department of Biochemical Medicine, Ninewells Hospital, Dundee, U.K. Statistical analysis of data was performed using an unpaired t test in Statview 4.5 (Abacus).
RESULTS
Gene expression profile in livers from HRN mice
Hepatic mRNA levels in control and HRN mice exhibited a number of marked differences. These included genes involved in pathways of lipid/sterol metabolism (Table 2 ) and the stress response (Table 3) , as well as cytochrome P450s (Figure 1 ), transporters ( more than 1.5-fold, which included 36 mRNAs that were increased by more than 2-fold, 12 mRNAs by more than 3-fold and 7 mRNAs with a > 10-fold increase; 125 mRNAs were decreased by greater than 33 %. In addition, 37 mRNAs were detected only in livers from HRN mice, and 14 mRNAs were present only in controls.
To validate the results of the oligonucleotide microarray, 14 genes were chosen for further analysis by real-time PCR, using GAPDH expression as a reference mRNA, since the mRNA level of GAPDH did not vary between HRN and control mice according to microarray analysis. Generally, there was good agreement between the microarray and real-time PCR analysis (Table 5) , although the fold changes in mRNA levels detected by microarray analysis tended to be lower than those measured by real-time PCR. For example, the mRNA levels of Cyp3a11 and Mt2 (metallothionein II) in HRN livers were 7.7-and 13.3-fold higher respectively in HRN mice by real-time PCR (Table 5 ), but only 1.7-and 6.9-fold higher respectively by microarray analysis. A similar underestimate of the degree of change in mRNA expression by microarray analysis has been reported in other studies [18, 19] . We arbitrarily chose 1.5-fold as the cut-off for up-regulation, and 0.67-fold for down-regulation, as this is in line with other publications reporting microarray analyses [19, 20] .
Expression of cytochrome P450s in livers of HRN mice
A total of 55 probe sets specific for mouse cytochrome P450s, representing 47 mouse cytochrome P450 genes, are present on the MG U74Av2 array. Of these, 13 cytochrome P450s could not be detected in either control or HRN mice -Cyp1a1, Cyp1b1, Cyp2b9, Cyp2b13, Cyp2b19, Cyp2j6, Cyp2s1, Cyp4b1, Cyp11a, Cyp17a1, Cyp19a1, Cyp24a1 and Cyp27b1. Altoghether, 31 cytochrome P450s were detected in control livers and 34 in HRN livers ( Figure 1 ). Cyp2e1 mRNA was expressed abundantly in mouse liver ( Figure 1A ), although the level was not affected by hepatic deletion of POR. Nine hepatic Cyp mRNAs were increased by 1.5-3.7-fold in livers from HRN mice -Cyp2a4, Cyp2c29, Cyp3a11, Cyp3a16, Cyp4a10, Cyp4a14, Cyp7a1, Cyp8b1 and Cyp26a1. The most significant increase (more than 30-fold) was in Cyp2b10. However, it should be noted that the basal level of expression of this gene in controls was very low ( Figure 1B ). The expression of certain P450 mRNAs was decreased in HRN livers, the most significant effect being on the expression of Cyp7b1, which was reduced by 50 % ( Figure 1B ). Four P450s showed a 30-40 % reduction in mRNA expression -Cyp2c70, Cyp2d26, Cyp2f2 and Cyp4v3. Microarray analysis revealed that there was no difference in the sum for the signal intensity of 34 Cyp transcripts in the liver between HNR and control mice.
The transcripts of three Cyp genes, Cyp2b10, Cyp3a16 and Cyp2c29, which were essentially undetectable in control livers, were markedly induced in livers from HRN mice ( Figure 1 ). Cyp3a11, which catalyses the side-chain hydroxylation of bile acid intermediates, displayed a 1.7-fold increase by microarray analysis and a 7.7-fold increase by real-time PCR. In addition, Cyp2a4 mRNA was up-regulated 2.6-fold in the liver of HRN mice, as assessed by microarray analysis.
It has been established that one major group of P450 inducers, typified by phenobarbital, consists of a host of structurally diverse chemicals that induce a subset of P450 genes within the Cyp2a, 2b, 2c and 3a subfamilies, with the Cyp2b genes being most affected. It has also been shown that the CAR (constitutive androstane receptor) mediates this induction process, at least in part [21, 22] . In addition, it has been demonstrated that Cyp2b10 and Cyp3a are regulated by the orphan nuclear PXR (pregnane X receptor), which is activated by a broad spectrum of xenobiotics [23] [24] [25] . Results from the microarray analysis showed that the levels of mRNAs encoding CAR and PXR did not change significantly in livers from HRN mice (both values being approx. 80 % of control) (Supplementary Table 2 ; http://www. BiochemJ.org/bj/388/bj3880857add.htm). This suggests that the elevation in Cyp2b10 and Cyp3a expression was not due to changes in CAR or PXR levels, although the cellular localization of these transcription factors is critical to their function
The expression of the mRNA encoding Cyp26a1, which catalyses the hydroxylation of retinoic acid, was increased 2-fold in livers from HRN mice ( Figure 1B ). This could be explained if retinoic acid, which is an inducer of Cyp26a1, accumulated in the HRN liver due to a decrease in its catabolism by Cyp26a1. Interestingly, other retinoic acid-regulated genes, such as those encoding Raet1c (retinoic acid early inducible protein) and Asns (asparagine synthetase), were also induced (4-and 2-fold respectively) in HRN liver (Table 2) . However, the expression of the transcription factor RXRα (retinoid X receptor α), which can activate these genes, was not affected significantly (Supplementary  Table 2 ; http://www.BiochemJ.org/bj/388/bj3880857add.htm).
Table 2 Effects of POR deletion on the expression of genes involved in lipid/sterol metabolism and carbohydrate metabolism
Pooled liver RNA from three male 3-month-old mice of the same genotype was used for microarray analysis. The experiments were carried out twice, and the results shown are the averages of the two experiments. Up-regulated genes had an mRNA level > 1.5 times greater than that of the control. Genes classified as down-regulated had an mRNA level < 0.67 of control. Only genes whose 'average difference' is > 34 are shown. The average difference is an indication of hybridization intensity to perfect-match oligonucleotide probe sets compared with mismatch oligonucleotide probe sets, with 34 being the threshold chosen for reliable expression. GenBank ® accession numbers are shown. *Genes present in livers of HRN mice but absent from controls; †genes absent from HRN liver but present in controls.
Affymetrix ID HRN/control Range Accession no. The degradation of cholesterol occurs principally by conversion into bile acids in the liver. This process involves both neutral and acidic pathways of bile acid synthesis [26] . The rate-limiting enzyme in the neutral bile acid synthesis pathway is Cyp7a1 (cholesterol 7α-hydroxylase), and the expression of the Cyp7a1 gene was elevated 3.5-fold in livers from HRN mice as assessed by microarray analysis, and 5.1-fold as assessed by real-time PCR. In addition, the mRNA encoding an additional gene in the neutral pathway, Cyp8b1 (encoding sterol 12α-hydroxylase), was also increased 2.7-fold ( Figure 1) . Interestingly, the mRNA expression of FXR (farnesoid X receptor), LXRα (liver X receptor α; NR1H3), HNF4α (hepatocyte nuclear factor 4α) and LRH-1 (liver receptor homologue-1), which regulate the enzymes involved in bile acid homoeostasis, was not significantly affected (Supplementary  Table 2 ; http://www.BiochemJ.org/bj/388/bj3880857add.htm). In contrast, the mRNA level of SHP-1 (small heterodimer partner), which is a repressor of LXR, HNF4α and LRH-1 function, was reduced by more than 60 % in HRN livers (Table 2) , suggesting a role for this protein in the increased Cyp7a1 and Cyp8b1 transcription.
In the acidic bile acid synthetic pathway, Cyp27a1 converts cholesterol into both 27-hydroxycholesterol and 3β-hydroxy-5-cholestenoic acid. The probe set for Cyp27a1 is not present on the array. However, real-time PCR analysis showed that the expression of Cyp27a1 mRNA was not affected by the hepatic deletion of POR (Table 5 ). In addition, the expression of Cyp7b1, an additional protein involved in the acidic pathway, was repressed by 50 %.
Cholesterol biosynthetic genes are activated in livers from HRN mice
The mRNA levels of three enzymes involved in cholesterol biosynthesis were increased significantly in the HRN liver (Table 2 ; see also Figure 3 ). These were 3-hydroxy-3-methylglutaryl-CoA reductase, which is involved in the rate-limiting step of cholesterol biosynthesis (1.6-fold), mevalonate kinase (1.5-fold) and mevalonate decarboxylase (1.6-fold). The transcript levels of squalene epoxidase, 7-dehydrocholesterol reductase and Cyp51, enzymes which require the function of POR, were not significantly affected in the HRN liver [Supplementary Table 3 (http://www. BiochemJ.org/bj/388/bj3880857add.htm); see also Figure 3 ].
Hepatic POR deficiency results in altered expression of transporters involved in cholesterol homoeostasis
The expression of VLACSR (very-long chain acyl-CoA synthetase-related; Slc27a5), which is highly expressed in mouse liver and a candidate enzyme for bile acid conjugation [27, 28] , was decreased by 35 % in livers from HNR mice ( Table 2) . mRNAs encoding several ABC (ATP-binding cassette) transporters did not vary significantly. These included those for Abcd1, Abcb4, Abcg2, Abcc6, Abcd3, Abca2 and Tap2. The expression of Slc10a1 (or NTCP), which is a sodium/bile acid co-transporter and is responsible for the uptake of bile acids,
Figure 1 Hepatic cytochrome P450 mRNA levels in HRN and control mice
The Affymetrix MG U74Av2 array was used for hybridization, and Affymetrix GCOS software was used to scan and analyse the relative abundance of the average difference of intensities of each probe sets. Pooled liver RNA from three male 3-month-old mice of the same genotype was used for microarray analysis. The experiments were carried out twice, and the results shown are averages for the two experiments. (A) Sixteen P450 mRNAs were detected at a high level (> 1000 relative units). (B) Eighteen P450 mRNAs were detected at a low level (< 1000 relative units).
was not changed significantly (Supplementary Table 3 ; http:// www.BiochemJ.org/bj/388/bj3880857add.htm).
Interestingly, the expression of two genes involved in the formation of water channels was altered in livers from HRN mice. The expression of AQP8, the gene encoding aquaporin 8, which facilitates osmotic water transport during canalicular bile secretion [29] , increased 2-fold (Table 2 ). In contrast, the AQP4 mRNA level was reduced dramatically by over 80 % when examined by either microarray or real-time PCR analysis (Tables 2  and 5 ). Little is known about the mechanism of the regulation of AQP4 and AQP8 gene expression in mouse liver.
Altered expression of genes associated with lipid metabolism in livers from HRN mice
LPL (lipoprotein lipase) plays a central role in the hydrolysis of triacylglycerols carried by very-low-density lipoprotein and chylomicrons. In the liver, LPL is also believed to promote uptake of HDL (high-density lipoprotein)-cholesterol, and thereby facilitate reverse cholesterol transport [30, 31] . LPL mRNA was increased 2-fold in livers from HRN mice. ApoAIV (apolipoprotein AIV), which is involved in lipid transport and is able to influence the activity of LPL [32] , was up-regulated 3-fold. In addition, the expression of the gene encoding phospholipase A 2 , an enzyme that hydrolyses phospholipids, was increased 2.5-fold (Table 2 ). These results indicate that the uptake of fatty acids and HDL-associated cholesteryl esters into the liver is increased in HRN mice. Other genes associated with lipid metabolism remained unaffected by hepatic POR deficiency. These included ApoAI, ApoAII, ApoE, Apo5, Apof and Apobec1.
Other transcripts that also did not appear to change included those for the scavenger receptor-BI and the low-density lipoprotein receptor (Supplementary Table 3 ; http://www.BiochemJ.org/bj/ 388/bj3880857add.htm).
Cytochrome P450s of the Cyp4a subfamily have been associated with fatty acid degradation in situations of hyperlipidaemia. These enzymes catalyse the ω-1 oxidation of fatty acids. Cyp4a14 and Cyp4a10 mRNAs were increased by 1.9-and 1.5-fold respectively in the HRN liver ( Figure 1B) . Also, the level of the mRNA encoding the transcription factor PPARγ (peroxisome proliferator-activated receptor γ ) was increased 2.6-fold (realtime PCR) and 1.6-fold (microarray analysis) ( Table 2) . PPARs, particularly PPARα, control the regulation of Cyp4a genes. However, the expression of genes involved in mitochondrial or peroxisomal fatty acid β-oxidation was not changed significantly (Supplementary Table 3 ).
Alterations in mRNAs involved in lipogenesis
In relation to lipogenesis, the expression of the transcription factor SREBP-1 (sterol regulatory element binding protein-1; Srebf1) was decreased by 50 % in the livers of HRN mice. It is well established that SREBP-1c, which is the main SREBP-1 isoform expressed in the liver, plays a critical role in regulating the expression of hepatic lipogenic genes [3] [4] [5] . In contrast, the expression of the majority of the genes in the lipogenic pathway, e.g. those encoding acetyl-CoA carboxylase, fatty acid synthase and SCD1 (stearoyl-CoA desaturase 1), was not changed significantly in HRN livers (Supplementary Table 3 ). In contrast, the isoform SCD2, which was not detected in control liver, was induced (3.7-fold) in HRN liver ( Table 2 ), suggesting that SCD1 and SCD2 are regulated by different mechanisms.
Alterations in mRNAs involved in glycolysis
mRNAs for glucokinase (hexokinase IV), which phosphorylates glucose, and pyruvate kinase were increased 1.7-fold and 1.6-fold respectively in HRN livers (Table 2 ). In addition, the mRNA encoding the bifunctional enzyme 6-phosphofructo-2-kinase/ fructose-2,6-bisphophatase, which was recently identified as a binding partner of glucokinase [33, 34] , was up-regulated 1.9-fold. These data indicate that there was some alteration in glucose homoeostasis, although serum glucose levels were not significantly different between control and HRN mice (C. J. Henderson, unpublished work).
The expression of genes involved in hormone metabolism is altered in the livers of HRN mice
Hsd3b5 (3β-hydroxy-5 -steroid dehydrogenase-5), a malespecific enzyme found only in liver and which is involved in the inactivation of steroid hormones, is abundantly expressed in the livers of control mice, but expression was reduced by 74 % in HRN livers (Table 2 ). In addition, expression of Hsd3b2 (3β-hydroxy-5 -steroid dehydrogenase-2), which catalyses the rate-limiting step in the conversion of dihydroepiandrosterone into sex steroids, was reduced by 53 % in HRN liver. Together, these data suggest alterations in steroid hormone homoeostasis in HRN mice. Indeed, analysis of testosterone and oestradiol in the serum of HRN and control mice showed that, in the former, levels of these hormones were significantly lowered in both males and females (Figure 2 ). Hsd11b1 (11β-hydroxysteroid dehydrogenase type 1) is an enzyme that converts cortisone into the active glucocorticoid, cortisol. Microarray analysis showed that 
Figure 2 Serum testosterone and oestradiol levels in HRN and control mice
Testosterone and oestradiol levels were measured in the serum of adult male (black bars) and female (light grey bars) HRN and control mice as described in the Materials and methods section; n = 6-20.
Hsd11b1 mRNA was decreased by 50 % in the livers of HRN mice. The marked reduction in Hsd11b1 mRNA could result in lower local glucocorticoid concentrations in the liver of HRN mice.
Changes in stress response genes in livers of HRN mice
It has been established that the transcription factors Jun, Fosb, Egr1 and Atf3 are immediate early genes implicated in the response of cells to both metabolic changes and a variety of stressful stimuli. Studies have shown that the induction of these genes is associated with cell growth as well as the cellular stress response. mRNAs encoding Jun, Fosb, Egr1 and Atf3 were not detectable in the livers of control mice (Table 3) , but were markedly induced in HRN livers. A group of genes involved in antioxidant defence exhibited elevated mRNA levels in HRN liver; these included those encoding metallothionein I, metallothionein II, heat shock proteins (Hsp1a, Hsp1b, Hsp105, and Hsp40), glutathione Stransferase Mu2 and glutathione S-transferase Mu3 (Table 3 ).
In addition, mRNAs encoding several genes involved in the repair of genotoxic damage were induced in HRN livers (Table 3) . These results may indicate that the metabolic changes that have occurred in the livers of HRN mice have induced a range of stress responses. Although there is some minor evidence of cellular damage, examination of liver pathology in HRN mice revealed no sign of inflammation, little indication of fibrosis and no evidence of collapse in architecture, with pericentral-periportal spacing similar to that in control liver. The micro-and macrovesicular fatty change observed in HRN liver occurs mostly in the mid-zone region. Gu et al. [17] , who also generated a liverspecific POR-null mouse model, reported that the protein level of haem oxygenase-1 was induced 9-fold by hepatic deletion of POR. In contrast, our microarray analysis showed that the haem oxygenase-1 mRNA level was increased only slightly (1.4-fold) (shown in Supplementary Table 3 ; http://www.BiochemJ.org/ bj/388/bj3880857add.htm), and real-time PCR indicated a 2-fold increase (X. J. Wang, unpublished work).
DISCUSSION
In the present study we have used oligonucleotide microarrays and real-time PCR to analyse alterations in hepatic gene expression in mice lacking POR in the liver. Liver-specific deletion of the POR gene resulted in significant changes in hepatic gene expression. Several key findings have emerged from these studies, including profound changes in the expression of genes involved in cholesterol and lipid homoeostasis, as well as genes associated with oxidative stress response. Thirty-four forms of cytochrome P450 were detected in livers from control and/or HRN mice. The total hepatic P450 mRNA levels encoded by these genes was the same in the two groups of animals. In our previous study, we showed that HRN mice exhibited a 5-fold increase in total cytochrome P450 protein content [16] . The reason for this apparent inconsistency between total P450 protein and mRNA levels in HRN mouse livers is not clear, and would suggest that post-transcriptional events, such as translation efficiency and/or protein turnover, are altered in HRN mice. This could help to identify important new pathways of cytochrome P450 protein regulation.
Several hepatic cytochrome P450 mRNAs were increased in livers from HRN mice, including Cyp2b10, Cyp3a11, Cyp3a16, Cyp2a4 and Cyp2c29. This did not appear to be due to increased levels of the transcription factors CAR and PXR, which control expression of these genes, as the expression of both transcription factors did not vary significantly between control and HRN mice. However, it is possible that CAR and/or PXR are activated by endogenous compounds whose level is altered in HRN mice. It is clear from other studies involving the mechanism of action of PXR and CAR that the absolute level of expression of these transcription factors is less important in determining their function than their location (i.e. nuclear) and activation status [35] . A further possible explanation is based on the decrease in the expression of the transcriptional repressor SHP-1 ( Table 2) . This transcription factor has been shown to interact with many members of the nuclear receptor superfamily, and, in addition to FXR, LRH-1 can modulate the functions of CAR, PXR, LXR, HNF4α and RXR, and inhibit the activity of its binding partners [23] . Whether PXR or CAR is involved in the transcriptional changes remains to be determined; however, the expression of several other genes regulated by the transcription factors was not changed in HRN mice. It is also possible that other, as yet unknown, nuclear receptors or transcription factors might mediate the up-regulation of P450s independently of CAR or PXR.
The absence of hepatic POR, and thus hepatic P450 function, appears to result in few compensatory changes in the expression of genes encoding other Phase I and Phase II drug-metabolizing enzymes. Among the glutathione S-transferases, only Gstm2 and Gstm3 showed significant induction (Table 3 and Supplementary  Table 2 ; http://www.BiochemJ.org/bj/388/bj3880857add.htm), while the single UDP-glucuronyltransferase (UGT2b5) and the two sulphotransferases (Sult1a1 and Sult1b1) represented on the Affymetrix chip were not induced significantly (Supplementary Table 2 ).
The deletion of hepatic POR results in profound changes in bile acid production, which are shown here in the expression of genes involved in controlling bile acid homoeostasis. The expression of Cyp7a1 is activated by the orphan receptor LRH-1 and regulated further through a feed-forward activation by oxysterols, mediated by LXRα [36, 37] . Feedback repression of Cyp7a1 is mediated by binding of bile acids to FXR, leading to increased transcription of the gene encoding SHP-1 [38, 39] . This heterodimerizes with LRH-1, and leads to promoter-specific repression of Cyp7a1 [40] [41] [42] . The regulation of the expression of the Cyp8b1 gene is controlled by a similar mechanism. The reduction of bile acid production could explain the increases in Cyp7a1 and Cyp8b1 mRNAs. Our data suggest that when bile acid synthesis is decreased in the liver, de-repression, as a consequence of a decrease in SHP-1, is an important endogenous mechanism of cytochrome P450 induction. In contrast with the phenotype observed in Cyp7a1-deficient mice [43, 44] , deletion of hepatic POR, and thus hepatic P450 function, does not lead to an induction of the acidic (alternative) bile acid biosynthetic pathway, but rather to up-regulation of key enzymes in the neutral pathway. The absence of hepatic POR means that, despite the increased expression of Cyp7a1 and Cyp8b1, bile acid production is profoundly decreased in HRN mice, due to an inability of these enzymes to function ( [16] ; C. J. Henderson, unpublished work).
A summary of the changes in expression of genes involved in cholesterol and bile acid biosynthesis is shown in Figure 3 .
Of the MRP (multidrug-resistance-associated protein) transporters represented on the Affymetrix chip, the expression of both MRP2 (Abcc2), which has been implicated in the biliary transport of anionic conjugates, and MRP6 (Abcc6) was unchanged. However, levels of MRP3 (Abcc3) were elevated almost 1.5-fold (Supplementary Table 3 ; http://www.BiochemJ.org/bj/388/ bj3880857add.htm); it has been suggested that this protein is involved in the biliary excretion of organic anions and is upregulated in the cholestatic liver, via a mechanism possibly involving FXR and LRH-1 (http://nutrigene.4t.com/humanabc.htm).
We reported previously that the cholesterol level in the serum of HRN mice was reduced [16] . However, the cholesterol level in the liver of HRN mice was essentially unchanged relative to controls (K. Fon Tacer, D. Rozman and C. J. Henderson, unpublished work). As hepatocytes in the HRN liver are unable to either synthesize cholesterol de novo or process cholesterol to bile acids easily, this suggests that cholesterol homoeostasis in the HRN liver is tightly controlled, possibly at the expense of serum cholesterol. The overall reduction in hepatic cholesterol biosynthesis and catabolism implies that cholesterol/fatty acid transport may be altered. Changes in these pathways were indeed observed in the HRN liver, characterized by an increased expression of LPL and Apoa4, and a decreased expression of VLACSR. Other perturbations in fatty acid homoeostasis in HRN livers were the changes observed in SCD expression. SCD is a microsomal enzyme required for the biosynthesis of oleate and palmitoleate, which are the major monounsaturated fatty acids of membrane phospholipids, triacylglycerols and cholesteryl esters. Two wellcharacterized isoforms of SCD, SCD1 and SCD2, exist in the mouse. Most mouse tissues express SCD1 and SCD2, although the liver expresses mainly the SCD1 isoform [45] . Microarray analysis revealed that the expression of Scd1 was unchanged in HRN liver. In contrast, the mRNA level for Scd2 was elevated 3.7-fold. It has been shown that the SCD2 enzyme is expressed at higher levels in the livers of mice overexpressing the truncated nuclear form of SREBP-1a [46] ; in this case the livers were massively enlarged, engorged with triacylglycerols and cholesterol, and contained increased levels of unmonosaturated fatty acids. The physiological significance of increased SCD2 in the liver of HRN mice is not clear. However, the increased expression of SCD2 and phospholipase A 2 may affect the fatty acid composition and also contribute to lipid accumulation.
Increased hepatic fatty acid accumulation is often correlated with activation of PPARα and peroxisome proliferation [47, 48] . In the present studies there was no evidence for the induction of peroxisomal mRNAs, and the mRNA level of PPARα was not changed. However, induction of PPARγ was observed. The LPL gene is an established target of PPARγ in several tissues, including macrophages, liver and adipocytes [49] . In addition, it has also been shown that PPARγ induces the expression of Apoa4 and represses Hsd11b1. Studies have shown that PPARγ can be activated by a range of fatty acids, as well as prostaglandins [50] . Collectively, these results suggest that PPARγ might play a central role in altering the expression of genes related to lipid, cholesterol and glucose homoeostasis in the liver of HRN mice.
A cluster of antioxidant defence genes was activated in the liver of HRN mice, providing evidence that hepatic deletion of POR results in an altered redox state. It is at present unclear what has triggered these changes. However, the transcription factors Hsf1 (heat shock transcription factor 1), Mtf (metal response element binding transcription factor), HIF1 (hypoxia-inducible factor 1) and NFκB (nuclear factor κB), which mediate these responses, remained unchanged at the mRNA level (Supplementary Table 2 ; http://www.BiochemJ.org/bj/388/bj3880857add.htm). One explanation could be the changes in glucose and lipid metabolism. The reason for the overexpression of these genes remains to be elucidated.
In conclusion, the present study provides potential molecular mechanisms for the phenotypic changes observed in HRN mice. Further studies to evaluate the pathways affected as a consequence of POR deficiency are currently in progress.
